The characteristics of iron (Fe) and nickel (Ni) diffusion in molten lead-bismuth eutectic (LBE) were investigated experimentally by using capillary method. The diffusion coefficients of iron (Fe) and nickel (Ni) were determined from measured axial concentration distributions of Fe and Ni in LBE specimens. The correlation of the diffusion coefficients can be obtained as
Introduction
has been considered as the candidates of a primary coolant for fast breeder reactors and a spallation target/coolant for the future accelerator driven system (ADS) (Zhang and Li, 2008) . However, one of the most crucial issues is the compatibility of structural steels with liquid lead-bismuth at the temperature range from 500°C to 650°C which covers the outlet temperature of the fast reactor and the maximum temperature of the cladding tube (Takahashi et al., 2008, Loewn and Tokuhiro, 2003) . The steels are severely corroded by LBE when they are exposed to LBE directly without protection layers at such temperature. In order to employ LBE as the coolant or spallation target, the corrosion process must be understood and well controlled to suppress the corrosion for structural integrity.
It is described that there are probably three types of corrosion happening in the primary circuit of LBE, i. e., dissolution or liquid metal corrosion, oxidation and LBE penetration into the steels by OECD/NEA (2007) . Figure 1 shows the schematic graph of these three types of corrosion phenomenon. In a non-isothermal system, the metallic components of the structural steels, such as iron (Fe), chromium (Cr) and nickel (Ni) dissolve into the liquid LBE, then, diffuse into the LBE bulk at hot region with low oxygen concentration, as-called dissolution. Some of these elements are oxidized at high oxygen concentration region then precipitate on the surface of the steel in some cooler area. Meanwhile, due to the sound wettability of liquid LBE with solid metal having no oxide protected layer, the liquid LBE can penetrate into the solid structural steel in the area where zones with a high density of crystal structural defects reaching the surface (Zhang and Li, 2008) . In this study, the dissolution phenomenon was studied and the corrosion rate of steel by liquid metal is dominated by the dissolution rate expressed by following equation:
where D M is the diffusion coefficient of the metallic elements of the steels in LBE, C M,0 is the concentration of the metallic elements at the interface between the steel and the LBE, C M LBE is the concentration of metallic elements in the LBE bulk, and δ is the thickness of a diffusion boundary layer. According to the Eq. (1), in order to estimate the corrosion rate analytically, the database of the diffusion coefficients of the metallic impurities such as Fe, Cr and Ni in the liquid LBE is required. Balbaud-Celerier obtained an empirical equation of the diffusion coefficient of Fe in LBE without experimental data assuming that the diffusion coefficient in LBE was approximately the same as that in lead (Pb) (Zhang and Li, 2008, Balbaud-Celerier and Barbier, 2001) .
There are two methods for liquid diffusion measurements: the long-capillary method and the shear cell method (G. Mathiak, A. Griesche et al. 1996) . In this study, the long capillary method was adopted to prevent mass transport by bulk motion of the liquid due to natural convection caused by temperature distribution. The purposes of our study were to investigate the characteristics of Fe and Ni diffusion in LBE experimentally with the parameter of LBE temperature, and to determine the diffusion coefficients of Fe and Ni in LBE. 
Experimental Apparatus and Procedure

Preparation of diffusion test specimen
A thin mullite capillary tube with a length of 120mm and an inner diameter of 2mm was used for diffusion tests. The composition of the mullite was 40wt%SiO 2 -56wt%Al 2 O 3 .
It is explained that the dissolution happens at low oxygen concentration LBE system as above, the solvent --as-received LBE was oxygen-reduced by using a gas mixture of 20% hydrogen (H 2 ) and argon (Ar) at the temperature of 500 ˚C beforehand as shown in the Ellingham diagram (Gao.et al., 2013) . The schematic graph is shown in Fig. 2 (a) . The oxygen concentration in the liquid LBE was measured using a solid electrolyte oxygen sensor made of yttria-stabilized zirconia (YSZ) with a reference electrode of Bi-Bi 2 O 3 . After the oxygen concentration in LBE was reduced to 10 -9 wt%, the molten LBE was cooled down, then, kept under the nitrogen (N 2 ) atmosphere in the glove box.
The diffusivity of Fe and Ni was demonstrated in this study. The particle size of Fe powder (Nilaco Co.) was 325 meshes and the purity was 99%. The particle size of Ni powder was 10-20μm and the purity was 99.9%. The oxides on the surfaces of as-received metallic powder of Ni and Fe were reduced by a flowing gas mixture of 3%H 2 and Ar as shown in Fig. 2 (b) . After the oxygen reduction, the metallic powder was cooled down, and placed into the same glove box full of nitrogen (N 2 ) atmosphere as described above.
Diffusion experiment
As shown in Fig.3 , the solid LBE in a steel pot was heated to 150 ˚C and melted using electric heater in an Ar gas atmosphere in the glove box. The glove box was evacuated to the vacuum, the capillary tube was immersed vertically into the molten LBE in the steel pot, and then the glove box was pressurized to the atmospheric pressure by Ar gas. The molten LBE in the capillary tube was stirred by a thin steel wire for perfectly filling inside without gap. The Fe or Ni powder was put at the top surface of the molten LBE in the capillary tube and mixed with the LBE in the top region using a thin steel wire. Under the Ar gas atmosphere, the capillary tube was put vertically into a capsule made of a stainless steel 304 tube; three sheathed thermocouples of 0.5 mm in diameter were inserted into the capsule to measure the capillary tube temperature at different positions. After closing the capsule with Swagelok type of tight seal, the capillary tube in the capsule was taken out from the glove box and placed into the electric furnace that had already been heated up to the testing temperature of 500°C-650°C. Then, the capillary tube in the capsule was kept at a constant and uniform temperature for 3.5 or 7 h. The Ni or Fe dissolved from the powder and saturated at the top region diffused downward in the capillary tube. After the diffusion test, the capsule was taken out of the furnace and cooled down to the room temperature in the air atmosphere. The capillary tube was taken out of the capsule, and broken to get a solid LBE rod inside. Fig.4 shows the appearance of the solid LBE rod.
(a) Oxygen reduction of LBE with gas mixture of 20%H 2 +Ar (b) Oxygen reduction of metallic powders with mixture gas mixture of 3%H 2 +Ar. 
Measurement of Fe and Ni concentration in LBE specimen
The axial distributions of the concentration of Fe or Ni in the solidified LBE rods were measured by using the inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700 series). Firstly, the solid LBE rods obtained by the diffusion experiment were cut into small pieces with the axial length of approximately 1 mm per piece as shown in Fig.4 . These specimen pieces were cleaned by acetone and the weight of the each specimen, m [g] was measured. Each specimen piece was dissolved in nitric acid aqueous solution, 0.2ml HNO 3 (61%, 1.38g/ml).
By considering the measurement accuracy of low concentration of Fe 3+ or Ni 2+ in the diffusion specimens and the avoidance of the contamination by the large quantity of Pb 2+ and Bi 3+ in the specimen to the ICP-MS machine, thus, ion exchange chromatography methodology was used to elute the destination ions from the mixture solution before the measurement. The methodology for eluting Ni 2+ from the solution was adopted before measurement of Ni concentration in the previous study and the result is shown in Fig.5 (a) (Gao et al., 2013) . The eluting method of Fe 3+ from Pb 2+ and Bi 3+ is similar to that of Ni 2+ . A preliminary test separation was performed for a mixture sample solution with consistence of 10μg Fe 3+ , 10μg Pb 2+ and 10μg Bi 3+ by using cation exchange resin MP-50. Because the ion selectivity of ion exchange resin is dependent on the valance of selected ion, the reducing medium-hydroxyl ammonium was mixed to mixture sample. The result of the test separation is shown in Fig.5 (b) . It was found that 99.0% of Fe 3+ could be separated from the mixture solution by injecting 160ml of 2M HCl. The Pb 2+ and Bi 3+ ions which are stuck to the ion exchange resin could be cleaned by using 80ml of 4M HNO 3 .
These two methods were adopted to elute Ni 2+ and Fe 3+ in each solution. 
where V [mL] is constant volume for each column. The concentration of Fe 3+ or Ni 2+ in each specimen C Fe/Ni [wt%] was determined by
From the measured concentrations, the axial distributions of the concentration of Fe or Ni in the solid LBE rods were obtained.
(a) Chromatograph of Ni, Pb and Bi (Gao et al. 2013 ).
(b) Chromatograph of Fe, Pb and Bi. Fig.5 . Results of test separation of Ni and Fe from sample solutions.
Calculation of diffusion coefficient of Ni in LBE
The diffusion coefficients of Fe or Ni in LBE were determined from the measured axial distributions of the concentration of Fe or Ni in the solid LBE rods based on the Fick's second law given by 
where C [wt%] is the concentration of Fe or Ni, D [cm 2 /s] is the diffusion coefficient of Ni or Fe, t is the time and x is the axial distance. If the concentration of Fe or Ni is C B at the boundary between Ni or Fe powder and LBE, the concentration of Ni or Fe at the location far from the boundary is C 0 , and D Fe/Ni [cm 2 /s] is the diffusion coefficient of Ni or Fe, the theoretical solution of Fick's second law is expressed as
where t is the diffusion time t [s] . During the calculation, it was assumed that C B was equal to the solubility of Fe or Ni in LBE, C s . The solubility of Fe or Ni in LBE, C s , are given by [Weeks, 1965] (6)
By fitting the measured concentration distributions of Fe or Ni in LBE to Eq. (5), the diffusion coefficients of Fe or Ni D Fe/Ni were derived by using the least-squares method.
Experimental results and discussion 3.1. Measured Fe concentration distribution and diffusion coefficient in LBE
Figs.6 (a) and (b) show the experimental results of Fe concentration distribution in LBE at temperature of 550 ˚C and 650 ˚C for the time of diffusion experiment t =3.5h, respectively. The solid curves indicate the best fitted curve of Eq. (5) to the measured data for various values of diffusion coefficient, and the broken lines indicate the curve with the standard deviation of σ. It is noted that the position at x=0 was also changed to search the best fitting without being fixed at the interface between the metallic powder and LBE. From the fitting procedure mentioned above, the diffusion coefficients of Fe in LBE at LBE temperature of 550 ˚C, 600 ˚C and 650 ˚C were determined. The results of the diffusion coefficients of Fe in LBE are given numerically in Table 1 and 
where R is the gas constant (8.31 [J/ K mol] ), T [K] is the temperature of the melt LBE. Our experimental result is compared with Balboud-Celerier (Zhang and Li, 2008, Balbaud-Celerier and Barbier, 2001) result which is expressed as equation (9).
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The red line in the Fig.7 is the approximate formula which is denoted as equation (8). It is found that the present experiment results have a good agreement with the results assumed by Balboud-Celerier. It suggests that it is possible to use the diffusion coefficient of iron in liquid lead for the diffusion coefficient in LBE. =0.00049 Fig.8 and Fig.9 show the experimental results of Ni concentration distribution in LBE at 550 ˚C and 650 ˚C for the time of diffusion experiment t =3.5h and 7h, respectively. The solid curves indicate the best fitted curve of Eq. (5) to the measured data for various values of diffusion coefficient, and the broken lines indicate the curve with the standard deviation of σ. From the fitting procedure mentioned above, the diffusion coefficients of Ni in LBE at LBE temperature of 500 ˚C, 550 ˚C, 600 ˚C and 650 ˚C were determined. The results of the diffusion coefficients of Ni in LBE are given n in Table 2 , and plotted with red square symbols in Fig.9 . The correlation of diffusion coefficient of Ni in LBE was obtained from the result at each temperature as The triangle plots in figure 10 denote the experimental results of Ni diffusion coefficients against temperatures of molten LBE in previous report (Gao. Et al., 2013) . It is found that the present result of the diffusion coefficient of Ni is almost one order of magnitude bigger than the previous results obtained without control the oxygen concentration in LBE. It is illustrated that the dissolution is influenced by the oxygen concentration in LBE. A stable oxide layer will protect Ni powder from dissolution, and the diffusion is relieved. Furthermore, according to our experimental results, the value of diffusion coefficient of Ni is almost in the same as that of Fe, although it is stated that the solubility of Ni in LBE is much larger than the solubility of Fe (OECD/NEA, 2007) . It is supposed that the diffusion mechanism of Ni in molten LBE is different from that of Fe. Fig.10 . Experiment results of diffusion coefficient of Ni at 3.5h &7h, in comparison with the previous results of our study (Gao. Et al., 2013) and diffusion coefficient of Fe. In order to investigate the diffusion mechanism of Fe and Ni diffusion in molten LBE, the surface of r-section of the solid cylindrical LBE rod where Fe or Ni diffused was observed by using the scanning electron microscope (SEM) and energy dispersive X-ray detector (EDX). As shown in Fig.11 , the positions of the observed area for Ni and Fe diffusion specimens were 11mm and 10mm from the top surface of the solid rod, respectively. figure 12 . A large amount of Ni crystal structures were observed on the r cross-section. Particularly in some area, the old Ni crystals were piled up by upcoming Ni crystals. It is considered that these upcoming crystals were formed during the solidification. The compositions of the former crystals were analyzed by EDX. The result denoted that the composition of the former crystals was 50-60wt% Ni, 15-20wt% Pb and 15%-20wt% Bi. Based on these analysis data, it is considered that Ni compounds were formed during the dissolution and diffusion process as mentioned in previous study. It has been known in general that Ni solubility is larger than other metallic elements such as iron, chromium due to the formation of the compounds (Weeks, 1965) . However, the diffusion was impeded and the diffusion coefficient of Ni was almost the same as that of Fe. Fig.13 shows the observation results of Fe diffusion specimen. There were no crystals appeared on the r cross-section, however, high concentrated ion as shown in black color in Fig.12 (a) was observed and analyzed by SEM and EDX, respectively. It is considered that the ion which was dissolved in the liquid LBE was precipitated during the solidification, so that the appearance of some parts of the diffusion specimen is black. 
Measured Ni concentration distribution and diffusion coefficient in LBE
Conclusion
The characteristics of iron and nickel diffusion in molten lead-bismuth eutectic (LBE) were investigated by means of the capillary tube method experimentally. In diffusion tests, iron and nickel diffused in the molten LBE in a thin mullite tube at various temperatures, and the axial distributions of Fe or Ni concentration in solid LBE specimens were measured by using ICP-MS. By fitting the theoretical distribution of the Fick's second law to the experimental result, the diffusion coefficients of Fe and Ni were determined.
The diffusion coefficient of Fe in LBE was approximately the same as the predicted result from the diffusion coefficient of Fe in lead by Balbaud-Celerier. The value of Ni diffusion coefficient in LBE was near the value of Fe diffusion coefficient. The Ni diffusion coefficient was influenced by the oxygen concentration in the molten LBE. It is considered that the presence of oxygen caused the formation of stable oxide layers on the particle surfaces of Ni powder, which impeded the dissolution of Ni into LBE. The microstructure observation by using EDX analysis with SEM exhibited the formation of solid compounds with the compositions of 50-60% Ni, 15-20% Pb and 15%-20C% Bi in Ni diffusion specimen. It is considered that these compounds were formed during the diffusion. Although Ni solubility is much higher than other metallic elements such as iron and chromium because of the formation of the Ni compounds, the diffusion coefficient of Ni was almost the same as that of Fe. From the experimental results, the correlations of the diffusion coefficients of Fe and Ni were obtained as 
